Gonadotropin-releasing hormone (GnRH) neurons are critical to many aspects of fertility regulation, from producing episodic release critical to both sexes, to providing a central signal to induce the ovulatory cascade in females. This year saw progress through the rejection, and occasional support, of hypotheses in understanding how GnRH neurons contribute to these processes. This brief review provides one laboratory's view of new insights into possible roles for these cells in development, adult reproductive function, and what may go wrong with GnRH neurons in some cases of infertility. (Endocrinology 159: 199-205, 2018) 
I
n his book The Logic of Scientific Discovery (often abbreviated LSD), Karl Popper makes the argument that science progresses when ideas can be proposed and "falsified" or rejected (1) . Sometimes this happens with efficient rapidity; sometimes ideas persist for years, decades, or centuries before a field moves on. In the past year, my laboratory has rejected several hypotheses posited about the function of gonadotropin-releasing hormone (GnRH) neurons, thus advancing our understanding of the central regulation of fertility.
GnRH neurons link the processing power of the brain to the downstream reproductive system. There are ;800 of these cells in mice and ;2500 in humans. This small population is neither nuclear nor laminar in vertebrates, but is rather scattered from the diagonal band of Broca through the preoptic area and medial basal hypothalamus (2) . These cells project mainly to circumventricular organs, primarily the median eminence, where GnRH is released near the pituitary portal vessels. GnRH stimulates the anterior pituitary gonadotropes to produce and release luteinizing hormone (LH) and follicle-stimulating hormone, which subsequently activate the gonadal functions of gametogenesis and steroidogenesis. Steroid hormones feed back to the hypothalamus to control the release of GnRH and at the pituitary to control response to this hormone.
In adult males and during most of the female reproductive cycle, the release of GnRH is episodic, with sharp increases observed in portal blood that are coincident with pulses of LH release into the periphery (3). Episodic release in both sexes is regulated by homeostatic steroid negative feedback. This episodic pattern is interrupted in females in the late follicular phase when sustained exposure to elevated estradiol results in a switch in feedback mode of this steroid to positive, inducing a prolonged surge of GnRH and LH, which triggers ovulation (4) . This brief review attempts to integrate findings published by our laboratory during the last year into the broader picture of the neuroendocrine control of fertility, addressing questions from pulses to surges to infertility.
Do GnRH Neurons Outsource Pulse Generation?
Since the description of pulsatile LH release in the early 1970s (5), reproductive endocrinologists have searched for the origin of this episodic activity within the brain. Coordinated release of GnRH and LH (6) and electrical activity within the hypothalamus that is coincident with LH release were identified within about a decade of this search (7) . The advent of green fluorescent protein-identified GnRH neurons at the turn of the century enabled studies of these cells using electrophysiologic approaches in brain slices (8, 9) . In both males and females, GnRH neurons exhibited peaks and nadirs in action potential firing activity that occurred with frequency similar to pulsatile LH release; further, these patterns in firing activity were regulated by in vivo steroid treatment in an expected manner (i.e., steroid feedback reduced frequency of peaks in firing rate) (10) (11) (12) .
Despite these advances, gaps remain in our understanding of this fundamental process, particularly with regard to the source and steroid regulation of episodic activity. Although GnRH release in vivo and firing rate in brain slices are both similarly affected by steroids, GnRH neurons themselves do not express detectable levels of most steroid receptors, with the exception of estrogen receptor (ER) b (13) . Observations that ERa mediates most feedback effects of estradiol (14, 15) led to the postulate that feedback was conveyed via ERa-sensitive afferents. Kisspeptin neurons of the anteroventral periventricular and arcuate areas of the hypothalamus are likely candidates for this role (16) . These cells express ERa and other steroid receptors (17) , and the neuromodulator kisspeptin is perhaps the strongest stimulator of GnRH neuron activity and release (18, 19) . Of particular interest with regard to pulse generation are the arcuate kisspeptin neurons, also known as KNDy cells, as they coexpress kisspeptin, neurokinin B, and dynorphin. KNDy neurons were postulated to be a potential source of the GnRH pulse generator based on opposing effects of steroids on neurokinin B and dynorphin expression and observation of the effects of knocking out dynorphin or its receptor on LH release (20) . Subsequent studies of the action potential firing rate of KNDy neurons supported short-term stimulation of firing by agonists of neurokinin 3 receptor (NK3R), inhibition of firing by dynorphin, and steroid modulation of both of these responses (21) (22) (23) .
These studies all used short-term recordings, leaving unanswered the questions of whether KNDy neurons generate firing patterns that fluctuate with intervals similar to LH/GnRH pulse generation in vivo and if any such rhythms are modulated steroid feedback. To address this, we made extracellular recordings of green fluorescent protein-identified KNDy neurons in brain slices from adult male mice that were intact, castrated, or castrated and treated with estradiol or dihydrotestosterone (DHT) (24) . The firing rate of KNDy neurons exhibited marked peaks and nadirs over several hours of recording. Peaks in firing rate occurred more frequently in castrated than intact mice, suggesting a role for gonadal factors in regulating this rhythm. Indeed, replacement of either estradiol or DHT in vivo restored peak frequency to intact levels.
To begin to examine the role of the peptides neurokinin B and dynorphin in generating this rhythm, we antagonized NK3R and the k-opioid receptor (KOR), respectively. Treatment of brain slices from castrate males with the NK3R antagonist SB222200 reduced the frequency of peaks of firing activity to intact levels, but interestingly did not eliminate firing. This suggests a role for the increased neurokinin B (NKB) expression and response to NKB observed in castrate animals in increasing firing peak and potentially LH pulse and frequency, but also indicates other mechanisms beyond activation of NK3R can generate rhythmic output from KNDy neurons. Treatment of brain slices from intact mice with the KOR antagonist norbinaltorphimine had no effect on long-term firing pattern, consistent with observation of its lack of effect on shortterm firing rate (22) . This dose of norbinaltorphimine did effectively block effects of exogenous dynorphin on KNDy neuron firing. Together, the observations that KNDy neurons fire in an episodic manner and that this pattern is regulated by steroid feedback are consistent with a role for these neurons in GnRH pulse generation and steroid regulation. Of interest in this regard, ongoing studies examining LH pulse patterns in mice in which ERa is selectively deleted from kisspeptin cells reveal pulse frequency is increased in these mice compared with controls (25) . This indicates that despite similar mean LH levels between these groups, negative feedback on pulse generation may be mediated through estradiol action on kisspeptin neurons (26) .
The long-term firing pattern of KNDy neurons in brain slices and their steroid regulation is similar to that of GnRH neurons from the same animal models (10, 11) , with the exception of DHT inhibiting the former and activating the latter. This difference in steroid regulation suggests other steroid-sensitive afferents also play an important role in sculpting the ultimate pulsatile output of GnRH neurons. How KNDy neurons generate episodic activity is a question that remains to be answered. Although NKB can locally increase frequency of KNDy neuron output in castrate mice, the local inhibitory role of dynorphin in terms of firing activity is called into question. Of note, in vivo studies with the same KOR antagonist revealed a reduced frequency of hypothalamic multiunit activity and associated with LH release (27) . Together, these findings suggest a revised hypothesis in which dynorphin may play an inhibitory role in pulse generation but that the neurocircuitry involved in this response extends beyond local KNDy-KNDy connections.
Do Estradiol-Induced and Proestrous LH and GnRH Surges Differ?
Episodic GnRH release at different frequencies is needed to provide proper gonadotropin input to the ovary to promote development of a dominant follicle(s). The high estradiol production from these follicles ultimately switches the feedback mode to positive, activating GnRH neurons. To study estradiol feedback mode switches, our laboratory makes frequent use of ovariectomized, estradiol-replaced (OVX+E) mice. LH levels in these mice are suppressed in the morning compared with OVX-only mice, indicative of estradiol negative feedback, and increased in the late afternoon, indicative of positive feedback (28) . The activity of GnRH neurons in brain slices exhibits these same shifts. This activity repeats on a daily basis as long as estradiol levels remain in the high physiologic range, consistent with early observations of a daily signal for ovulation (29) . Although this model provides the opportunity to examine the switch in feedback mode without an accompanying change in estradiol level, it does not recapitulate all of the steroid and other changes of the typical reproductive cycle. In particular, progesterone has been implicated in increasing LH surge amplitude, potentially at the central level (30, 31) . Indeed, as we began to move into comparisons of estradiol-induced vs proestrous animal models for work on stress and the cycle (discussed later), we also observed that LH surge amplitude was lower in OVX+E than proestrous mice (32) .
We hypothesized that the different amplitude of estradiol-induced and proestrous LH surges was attributable to the inability of estradiol alone to increase GnRH neuron activity to the same extent and the hormonal milieu of proestrus. We rejected this hypothesis based on the following findings. First, overall GnRH neuron firing rate was similarly increased in proestrous and OVX+E mice. Second, LH response to an early afternoon injection of GnRH was greater in proestrous than OVX+E mice. Together, these observations suggest reduced LH surge amplitude in the OVX+E model is more likely attributable to reduced pituitary sensitivity than gross changes in GnRH neuron activity. Similarly, observations of GnRH surges in sheep found the preovulatory and estradiol-induced surges were similar in amplitude and duration (4, 33) . Further, studies of anteroventral periventricular kisspeptin neurons, which are postulated to convey estradiol positive feedback to GnRH neurons, found that proestrous changes in firing activity, and underlying mechanisms were recapitulated in OVX+E mice (34, 35) . Does this mean there is no central role for progesterone? It does not. Positive feedback is rare in physiology, and given the importance of ovulation for survival of species, there may be multiple central neural mechanisms that can lead to the same output. Further, for species survival, ovulation must be paired with mating. Prior progesterone exposure is needed for full estrous behavior in many species and also delays the LH surge induced by estradiol (36, 37) . Thus, although estradiol alone can likely recapitulate final central neuroendocrine hormone output to the pituitary, progesterone may be involved in some of the other aspects critical for fertility.
Don't Judge a Book by Its Cover: The Surprisingly Active Childhood of GnRH Neurons
The reproductive system attains the mature functions discussed previously at more advanced ages than other aspects of physiology. Female reproductive cycles, steroidogenesis, and gametogenesis do not achieve adult levels until well into the pubertal transition. For this reason, a prevailing view has been that the reproductive neuroendocrine system was also quiescent. An exception to this is minipuberty of infancy in old-world primates, a period lasting several months in which LH and follicle-stimulating hormone are elevated (38) . In mice, by contrast, there is a male-specific neonatal increase in testosterone that lasts less than a day and appears to be GnRH independent (39); gonadotropins are also low for the first 2 weeks postnatal before sporadic increases are observed (40) .
Our first hint that GnRH neurons may be flying under the radar of this low-gonadotropin cover came from measurements of GnRH release using fast-scan cyclic voltammetry with electrodes positioned in the median eminence of brain slices from male mice. GnRH release frequency before birth, within a day of birth, and at 1 week of age was greater than has been observed in adults from any species (41). This made us rethink the concept of a quiescent neuroendocrine circuitry before puberty and consider a more general theme in developmental neuroscience, specifically the role of neuronal activity in sculpting its own inputs. If highfrequency GnRH release is indicative of high action potential firing rate, prepubertal GnRH neuron activity may be critical for adult reproductive outcomes. Because this system develops differently in females and males, we hypothesized that not only are GnRH neurons more active during development, but also that this activity is sexually differentiated (42) . Action potential firing rate of GnRH neurons in brain slices from both sexes was examined at 1, 2, 3, and 4 weeks of age and in adults (.6 weeks of age). We could not reject either of these hypotheses; GnRH neuron firing rate was indeed higher before puberty than in adults of both sexes. Further, firing rate in females was greater than males at 2 and 3 weeks of age. These findings support and extend the study showing high-frequency GnRH release in postnatal mice and suggest a neural rather than endocrine output role of early GnRH neuron activity. An ongoing study in the laboratory using these same animal models and examining the development of GABAergic transmission to GnRH neurons suggests the frequency of transmission is also greater during development and that this peaks at younger ages in females than males (43) , providing preliminary support for this concept.
The developmental profile of GnRH neuron activity is of interest with regard to the concept of developmental origins of health and disease, which has gained increasing popularity in the past couple of decades with the discoveries of epigenetic regulation. A developmental origin of polycystic ovary syndrome (PCOS), the most common form of endocrine in fertility, has been postulated for some time (44) . Women with PCOS exhibit oligo/anovulation, hyperandrogenemia, and persistent elevation in LH, and presumably GnRH, release frequency rather than the typical steroid feedback regulation described previously (45) . Increasing evidence supports early pubertal alterations in LH release in hyperandrogenemic girls and those with PCOS (46, 47) . To study PCOS, many investigators have made use of female offspring from mothers treated with androgens during gestation (48, 49) . Although no animal model perfectly recapitulates a human disease, prenatally androgenized (PNA) females from several species exhibit reproductive neuroendocrine characteristics similar to those in women with PCOS.
We thus extended our examination of GnRH neuron activity to PNA mice, which, as adults, exhibit increased GnRH neuron activity, LH pulse frequency, and disrupted cycles. Based on the increased activity of GnRH neurons in adults, we hypothesized that activity would be increased during development. We rejected this hypothesis, as activity in PNA females was lower during development, in particular at 3 weeks of age (42) . Interestingly, the ongoing work on GABAergic transmission suggests this is elevated in PNA females at this same age (43) . GABA is typically excitatory in GnRH neurons (50); thus, this finding is leading us to investigate if PNA alters the GnRH neuron response to GABA. Together, these findings have and continue to reshape how we think about GnRH neurons, in particular their roles in the central nervous system that are not directly related to activation of the pituitary. They also provide evidence that factors from the internal or external environment, such as androgens, can adjust the prepubertal development of the GnRH network, potentially altering adult fertility.
Does Stress Always Shut Down Fertility?
More often than a developmental origin, temporary disruption of the reproductive neuroendocrine system may arise from the perturbations of daily life, including diet, exercise, and stress exposure. These psychosocial stressors are often milder than the severe stresses that have been shown to inhibit the reproductive system. Exposure to psychosocial stress is often linked in public perception to infertility, but is that always the case? When we began to investigate psychosocial stress, we initially hypothesized daily exposure would disrupt estrous cycles in mice (32) . We once again rejected our hypothesis when 2 hours of daily restraint did not alter cyclicity. We altered our approach to test if a single exposure to stress could affect the LH surge. This was chosen as a point of high potential disruption of reproduction; blocking or disrupting the LH surge may result in ovulation and/or fertility at an unexpected/inappropriate time. We developed a layered psychosocial stress paradigm that produced consistently increased corticosterone for 5 hours. When exposed to this stress paradigm on midmorning of proestrus, most animals did not have an LH surge at lights out, nor was there evidence for the surge occurring with a 1-day delay. Despite disruption of the surge, animals continued to cycle. This makes sense, as the estradiol rise that drives the cornification of vaginal epithelium would have occurred that morning; further, the effects of the single stress exposure are expected to dissipate fairly quickly and thus unlikely to disrupt subsequent reproductive tract events that produce the cyclical changes we observe. These observations may be relevant to women who have difficulty conceiving despite outwardly normal cycles.
The observations of cornified epithelium and increased uterine mass both suggest the proestrous estradiol rise did occur in the cycling mice, but we also specifically tested if stress could interfere with the estradiol-induced surge. We applied the stress paradigm at the same time of day in OVX+E mice; the LH surge was disrupted in all mice. The relative strength of the disruption of the estradiol-induced (complete in all mice tested) vs proestrous (.50% but several mice unaffected) surge returns us to the previous question about potential differences between these surges. It is possible that the presence of other ovarian factors potentially makes the proestrous surge more resilient; this may be at the pituitary level but could also be centrally mediated. Another possible explanation is that the negative feedback of estradiol provided by the constant-release implant is stronger than that during the cycle and that this affects the subsequent switch in modes. In this regard, stronger pulsatile GnRH release was observed just before the preovulatory GnRH surge than before the estradiol-induced surge in sheep (4, 33) . Finally, it may be that the diurnal timing, although maintained, is shifted among these models. If this is the case, application of stress at the same time of day may interact with the surge-generating process at different points with different susceptibility to disruption.
The previous paragraphs very intentionally used the word disrupt, rather than block, for the LH surge. We did not look for the LH surge throughout the entire day, thus we can only claim not to have observed it within a few hours of the typical onset. Another reason for caution is that in ongoing studies of the action of corticotropin-releasing hormone (CRH) on the firing activity of GnRH neurons, data suggest that the response to CRH depends upon the presence of estradiol and also the CRH receptor (CRHR) that is activated (51) . Response to CRH was examined in OVX vs OVX+E mice in the late afternoon when estradiol has a positive-feedback effect. No change in firing rate was observed in GnRH neurons from OVX mice, but the response to CRH depended upon dose, with lower doses activating and higher doses inhibiting GnRH neuron activity. This was attributable to an increase in firing in response to specific agonists of CRHR1 and a decrease in firing in response to specific agonists of CRHR2. These different actions of CRH, in combination with the minority report of observed stimulatory effects of stress on reproduction, open the door to the postulate that stress exposure in a high estradiol milieu advances the surge.
Can a Long Story Be Made Short?
Much of the previously discussed work examines the firing pattern of GnRH or KNDy neurons, in particular looking for long-term trends that resemble episodic release of LH in vivo. Neurosecretion, however, typically happens on a much shorter time scale of tens to hundreds of milliseconds. This year, we thus began to examine how the shortterm firing pattern of these neurons was altered by the various treatments. To do this, we devised an algorithm that examined how action potentials would be gathered into short-term bursts, as the definition of a burst was altered by iteratively increasing the time between events for inclusion within a burst (increase by 10-ms increments from a 10-ms intraburst interval). In most cells and treatments, this yielded a peak intraburst interval at which the most bursts were observed. This interval was then used to analyze characteristics of the bursts including frequency, duration, and spikes per burst. Interestingly, both GnRH and KNDy neurons typically increase their overall firing rate by increasing the frequency of bursts, with increased duration being a second mechanism observed in some experiments. At a very rudimentary level, increasing burst frequency indicates the cells initiate action potential firing more frequently, whether by shifts in intrinsic properties, altered synaptic input, or a combination of these. Increased burst duration, although observed less often, suggests that when firing is initiated through whatever mechanism, it persists longer; this is more likely attributable to a change in the properties of the postsynaptic cell. Notably, both GnRH and KNDy neurons exhibit these groupings of action potentials into bursts. Although the pattern is clearly evident, it is quite different from what is observed in other forebrain neurons in the cortex, hippocampus, and thalamus. Whether these different short-term patterns are related to the precision of timing required to carry out the functions of these various brain regions remains to be determined.
Conclusions: Rejection Has Its Advantages
The paucity and anatomy of GnRH neurons have long helped them remain enigmatic (Fig. 1) . Application of Figure 1 . Schematic of possible regulation of the reproductive neuroendocrine system in adults. In males and during most of the cycle, episodic GnRH release and negative feedback prevail (right). KNDy neurons produce rhythmic firing output that is regulated by estrogens and androgens and activation of NK3R, but whether this rhythm arises in these cells remains to be determined. In females, high estradiol (E) induces positive feedback, likely through anteroventral periventricular (AVPV) kisspeptin neurons. Stress may interrupt this process, possibly by elevating CRH, which may block or move the surge mode of release. AR, androgen receptor; I, interneuron; ME, median eminence; PR, progesterone receptor.
modern neuroscience methodologies has helped reveal more and more about the function and regulation of these neurons throughout the reproductive lifespan and in certain conditions of infertility. In addition to the work discussed in this review from our laboratory, many others have made substantial contributions over the past year, by no means limited to this list (52) (53) (54) (55) (56) . No amount of experimentation can prove a hypothesis is correct, but rejection of hypotheses pushes us toward new ways of thinking, advancing our understanding of reproductive neuroendocrine function.
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